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Single photon sources based on semiconductor quantum dots offer distinct advantages for quan-
tum information, including a scalable solid-state platform, ultrabrightness, and interconnectivity
with matter qubits. A key prerequisite for their use in optical quantum computing and solid-state
networks is a high level of efficiency and indistinguishability. Pulsed resonance fluorescence (RF)
has been anticipated as the optimum condition for the deterministic generation of high-quality pho-
tons with vanishing effects of dephasing. Here, we generate pulsed RF single photons on demand
from a single, microcavity-embedded quantum dot under s-shell excitation with 3-ps laser pulses.
The pi-pulse excited RF photons have less than 0.3% background contributions and a vanishing
two-photon emission probability. Non-postselective Hong-Ou-Mandel interference between two suc-
cessively emitted photons is observed with a visibility of 0.97(2), comparable to trapped atoms and
ions. Two single photons are further used to implement a high-fidelity quantum controlled-NOT
gate.
Single photons have been proposed as promising quan-
tum bits (qubits) for quantum communication [1], linear
optical quantum computing [2, 3] and as messengers in
quantum networks [4]. These proposals primarily rely
upon a high degree of indistinguishability between indi-
vidual photons to obtain the Hong-Ou-Mandel (HOM)
type interference [5] which is at the heart of photonic
controlled logic gates and photon-interference-mediated
quantum networking [1–4].
Among different types of single-photon emitters [6, 7],
quantum dots (QDs) are attractive solid-state devices
since they can be embedded in high-quality nanostruc-
ture cavities and waveguides to generate ultra-bright
sources of single and entangled photons [7–10]. QDs
also provide a light-matter interface [11–13] and can
in principle be scaled to large quantum networks [14].
Two-photon HOM interference experiments using pho-
tons from a single QD [5, 15, 17], as well as from inde-
pendent sources [18, 19], have not only demonstrated the
potential of QDs as single-photon sources, but also re-
vealed the level of dephasing arising from incoherent ex-
citation. The method of incoherent pumping (via above
band-gap or p-shell excitation) typically causes reduced
photon coherence times due to homogeneous broadening
of the excited state [5] and uncontrolled emission time jit-
ter from the nonradiative high-level to s-shell relaxation
[6], leading to a decrease of photon indistinguishability.
To eliminate these dephasings, an increasing effort has
been devoted to s-shell resonant optical excitation of
QDs. The Mollow triplet spectra and photon correla-
tions of the resonance fluorescence (RF) have been mea-
sured [1–3, 21]. Under continuous-wave (CW) laser ex-
citation, a high degree of indistinguishability for con-
tinuously generated RF photons has been demonstrated
through post-selective HOM interference [25]. However,
in the CW regime, as the emission time of the RF pho-
tons is uncontrolled, the HOM interference relies on the
finite single-photon detection time resolution to discrim-
inate and post-select a small fraction of photons that
overlapped on the beam-splitter at the same time [25–
27]. Therefore, the obtained interference visibility needs
to be convoluted with—and is thus limited by—the re-
alistic detection time response. This limitation, together
with the low efficiency of two-photon interference owing
to the unsynchronized photon arrival time, prohibits the
direct application of CW RF photons in many quantum
information protocols [1–4]. More recent experiments op-
erating on the low excitation regime have showed that the
coherent scattering part of the RF could have coherence
comparable to the excitation laser [4, 29]. However, such
a single-photon source would suffer an intrinsically low
efficiency.
It has been anticipated [6, 17–19, 25] that pulsed and
resonant s-shell excitation could remedy the above prob-
lems and be used for deterministic generation of time-
tagged, highly indistinguishable single photons. In addi-
tion, the pulsed and transition-selective RF single pho-
tons are also a prerequisite for the much sought-after
goal of entangling distant QD spins through photon in-
terference [4, 30], as well as for the scheme of generating
on-demand multi-photon cluster states [31]. Earlier ex-
periments [21, 32] have used pulsed resonant excitation
to demonstrate Rabi oscillation, a hallmark for quan-
tum optics. Yet, access to a background-free on-demand
single-photon source with near-unity indistinguishability
proved elusive [33].
2In this Article, by applying resonant s-shell opti-
cal excitation with picosecond laser pulses, we gener-
ate pulsed RF single photons on demand from a single
QD embedded in a planar microcavity. Rabi oscillations
are visible from the variation of the RF intensity as a
function of pump pulse area. Under deterministic pi-
pulse excitations, the RF photons have less than 0.3%
background contributions and show an anti-bunching of
g2(0) = 0.012(2). We observe non-postselective HOM in-
terference with a raw visibility of 0.91(2) and corrected
visibility of 0.97(2) for two RF photons excited by two
successive pi pulses separated by 2ns. Finally, the highly
indistinguishable RF photons are utilized to demonstrate
a quantum controlled-NOT gate.
Pulsed resonance fluorescence
Our experiments are performed on self-assembled In-
GaAs QDs which are embedded in a planar microcavity
and cooled in a cryogen-free bath cryostat at 4.2K (see
Fig. S1). Laser excitation of a single QD and collection of
the emitted fluorescence are carried out with a confocal
microscope. The excitation laser is pulsed with nominal
pulse width of 3ps. The microscope is operated in a cross-
polarization configuration, whereby a polarizer is placed
in the collection arm with its polarization perpendicular
to the excitation light, extinguishing the scattered laser
by a factor exceeding 106. The microcavity has a quality
factor of ∼ 200 which increases the fluorescence collec-
tion efficiency and reduces the laser power required for
excitation of the QDs.
Figure 1a shows the detected RF photon counts as a
function of the square root of the excitation laser power.
The oscillation of the RF intensity is due to the well-
known Rabi rotation between the ground and the ex-
citonic state. It has been demonstrated previously by
quasi-resonant [34–36] or resonant driving [21, 32]. The
RF intensity reaches its first peak at the pi pulse. We ex-
cite the QD with pi pulses at a repetition rate of ∼ 82MHz
and observed∼ 230,000 photon counts on a single-photon
detector (with an efficiency of 22%). The overall RF col-
lection efficiency is ∼ 1.3%. After correcting for the fibre
coupling efficiency (∼ 45%), polarizer (∼ 50%) and beam
splitter (∼ 95%), we estimate that ∼ 6% of the photons
emitted by the QD are collected into the first lens, which
is in good agreement with numerical simulations (see
Supplementary Information). To verify that it is indeed
a single-photon source, Figure 1b shows the second-order
correlation measurement of the pi-pulse driven RF pho-
tons. At zero delay, it shows a clear anti-bunching with a
vanishing multi-photon probability of g2(0) = 0.012(2).
Thus it can be concluded that one and only one RF pho-
ton is generated on demand from every pi-pulse excita-
tion. However, the photon extraction efficiency needs to
be drastically improved for it to become a deterministic
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FIG. 1: Rabi oscillation and anti-bunching. (a) RF intensity
versus square-root of incident power. The gray line is a guide
to eye. While excitation-induced damping of the Rabi oscil-
lation (there has been an intense debate on its mechanism,
see e.g. [37]) is visible at higher powers, a pi-pulse excitation
is obtained with reasonable quality. Our current work only
focuses on the pi-pulse regime. (b) Intensity-correlation his-
togram of the RF emission from the QD under pulsed s-shell
excitation obtained using a Hanbury Brown and Twiss-type
setup. The second-order correlation g2(0) = 0.012(2) is cal-
culated from the integrated photons counts in the zero time
delay peak divided by the average of the adjacent six peaks,
and its error (0.002) which denotes one standard deviation,
is deduced from propagated Poissonian counting statistics of
the raw detection events.
single-photon source.
Figure 2a shows a linear-log plot of the pulsed RF
(the sharp central line) together with the residual laser
leakage (the broadband feature fitted by the red line)
monitored on a spectrometer. Taking advantage of the
huge linewidth mismatch between the RF signal and the
laser background, we pass the RF through an etalon
which has a bandwidth of ∼ 20GHz—much wider than
that of the RF photons and much narrower than that
of the pulsed laser—to further suppress the excitation
laser background. This results in a clean RF spectrum
as shown in the inset of Fig. 2a, with an improvement
of the signal to background (including the detector dark
counts) ratio from 20 to 357 at pi-pulse excitation. For a
range of laser powers, the signal to background ratio is
extracted and plotted in Fig. 2b.
A typical example of high-resolution spectra of the
pulsed RF measured using a Fabry-Pe´rot scanning cavity
is shown in Fig. 2c. It shows a pronounced deviation from
the Lorentzian lineshape obtained from CW excitation as
shown in Fig. S2, and can be fitted with a Voigt profile
with a homogeneous linewidth of 0.4(1)GHz (correspond-
ing to T2=0.7(2)ns) and an inhomogeneous linewidth of
1.0(1)GHz. The spontaneous emission lifetime for this
QD is measured to be T1=0.41(2)ps (see Fig. S3), and
we estimate the pure dephasing time T∗
2
=5.7∞
3.8 ns. The
Gaussian component in this Voigt profile could poten-
tially be caused by spectral diffusion owing to pulsed-
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FIG. 2: Spectra of the pulsed RF. (a) An example of the pulsed RF displayed on a spectrometer and plotted using a linear-
log scale. The excitation laser profile (fitted by the red line) is much broader than the RF signal, enabling a second-stage
of background filtering based on frequency (see text) which is not possible in the CW case. The inset shows the spectrum
after passing the RF photons through a 20-GHz etalon to eliminate the residual laser background. (b) Pulsed RF signal to
background ratio for a range of excitation powers with and without filtering. (c) A high-resolution RF spectrum when excited
by a pi pulse. The red line was fitted using a Voigt profile.
laser-induced charge fluctuations in the vicinity of the
QD (trapping and untrapping of charges in nearby de-
fects and impurities) [7, 39, 40]. The inhomogeneous
linewidth varies for different QDs and typically shows an
increase at larger excitation power (see Fig. S3), which is
in qualitative agreement with previous investigations of
light-induced spectral diffusion [7].
Two-photon quantum interference
To perform pulsed two-photon interference, we adopt
a similar experimental configuration (see Fig. 3a) as in
ref. [15]. Each excitation laser pulse, originally separated
by ∼12.5ns, is further split into two pulses with a 2-ns
delay. Thus, every ∼12.5ns, the QD is excited twice,
generating two successive single RF photons. The out-
put RF photons are then fed into an unbalanced Mach-
Zehnder interferometer with a 2-ns path-length difference
(Fig. 3a). The two outputs of this interferometer are de-
tected by single-mode fiber-coupled single-photon coun-
ters, and a record of coincidence events is kept to build up
a time-delayed histogram (for more details see Fig. S4).
Figure 3(b) and (c) show the central cluster of the his-
togram when the two pi-pulse excited single photons, be-
fore recombining in the last beam splitter, are prepared
in cross and parallel polarization states respectively. The
five peaks, from left to right, corresponds to the cases
where the two photon arrives at the beam splitter with a
time delay of -4ns, -2ns, 0ns, 2ns, and 4ns, respectively.
For distinguishable photons with different polarization,
the expected peak-area ratio equals 1:2:2:2:1, which is in
good agreement with Fig. 3b.
If two perfectly indistinguishable photons are super-
posed on a beam splitter, they will always exit the beam
splitter together through the same output port, leading
to a zero coincidence rate—the HOM dip [5] which cannot
explained by classical optics. Figure 3c shows a strong
suppression of the coincidence counts at zero delay when
the two incoming photons are prepared in the same po-
larization state. Quantitative evaluation (see the cap-
tion of Fig. 3 for details) shows that the probability of
the two photons to exit the same channel in a 2-photon
Fock state (bunching) is 95.4%. This corresponds to a
raw two-photon HOM interference visibility of 0.91(2).
Taking into account the residual two-photon emission
probability g2(0) = 0.012(2), and the optical imperfec-
tions of our interferometric setup which are indepen-
dently measured, R/T = 1.01 and (1 − ε) = 0.98, where
R, T are the reflectivity and transmitivity of the beam
splitter and (1 − ε) is the first-order interference visi-
bility of the Mach-Zehnder interferometer tested with a
CW laser, we obtain corrected degrees of indistinguisha-
bility to be 0.97(2). The visibility can be further in-
creased slightly by decreasing the excitation laser power.
On another QD, we test the HOM interference with pi,
0.72pi and 0.41pi pulse excitation and observe visibilities
of 0.96(6), 0.97(6) and 0.99(4), respectively (see the data
in Fig. S4).
Taken together, these are to date the highest visibili-
ties reported for QD-based single-photon sources. These
results demonstrate that the solid-state pulsed RF single
photons in quick succession are highly indistinguishable
to a level comparable to the best results from those well-
developed systems such as parametric down-conversion
[1], trapped atoms and ions [41–44]. The high-visibility
results indicate a reduction of the fast dephasing and an
elimination of the emission time jitter associated with
the pulsed RF, compared to the previous incoherent ex-
citation methods. The pure dephasing time T∗
2
=5.7∞
3.8ns
is considerably larger than the 2ns and thus should have
little effect on the visibility. The spectral diffusion (as
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FIG. 3: Non-postselective HOM-type interference between two pulsed RF single photons. (a). Two unbalanced Mach-Zehnder
interferometers with a path length difference of 2ns are used both in the excitation arm (not shown) and in the two-photon
interference. (b-c). The central cluster of the histogram (see Fig. S4 for the full histogram) of two-photon detection events with
a relative delay time. In (b) and (c), the input two photons are pi-pulse excited and prepared in cross and parallel polarizations,
respectively. The fitting function for each peak is the convolution of a double exponential decay (exciton decay response) with
a Gaussian (single-photon detector time response). Due to the limited time response, the five peaks have finite overlaps. The
area of the fitted central peaks, covered by the red line in (b) and the blue line in (c), respectively, are extracted and used to
calculate the visibility.
shown in Fig. 2c) should also happen at a time scale much
longer than the 2-ns separation, which is consistent with
previous experiments [5, 7, 15, 40].
Controlled-NOT gate with single photons
We now demonstrate how the on-demand RF sin-
gle photons can be utilized to implement a quantum
controlled-NOT (CNOT) gate. The quantum CNOT
gate is a fundamental two-qubit logic gate. If the con-
trol qubit is in logic |0〉c, nothing happens to the target
qubit, whereas if the control qubit is in logic |1〉c, the
target qubit will flip (|0〉t → |1〉t, |1〉t → |0〉t). The pho-
tonic CNOT gate is a basic building block for quantum
computing and has been demonstrated many times with
down-converted photons [45–48], and very recently, with
p-shell excited single photons from QDs [49].
We prepare two input qubits encoded in the polar-
ization states of the pulsed RF single photons |α〉t =
a |H〉t + b |V 〉t and |β〉c = c |H〉c + d |V 〉c, where H(V )
denotes horizontal (vertical) polarization and is used to
encode 0(1). The two inputs are then fed into the optical
circuit for the CNOT operation as shown in Fig. 4a. The
key element in this optical network is a partial polarizing
beam splitter (p-PBS) which has a transmission of 1(1/3)
and a reflectivity of 0(2/3) for the H(V ) photons. When
the two single photons are superimposed on the p-PBS as
shown in Fig. 4a, and if one and only one photon leaves
through each output channel, the composite state of the
two output photons can be written as:
ac |H〉t |H〉c +
√
1
3
ad |H〉t |V 〉c +
√
1
3
bc |V 〉t |H〉c
+(
√
1
3
√
1
3
−
√
2
3
√
2
3
) bd |V 〉t |V 〉c (1)
The first term corresponds to the case in which both in-
put photons are |H〉 and fully transmitted. The second
and third terms correspond to the cases where one photon
is in |H〉 and fully transmitted while the other photon is
in |V 〉 and partially (1/3) transmitted. It is most impor-
tant to note the last term |V 〉t |V 〉c, where the resulting
minus sign of the probability amplitude (−1/3) is due
to the quantum interference between two indistinguish-
able paths, both photons are transmitted (
√
1
3
√
1
3
) or
reflected (−
√
2
3
√
2
3
), which requires the indistinguisha-
bility of the single photons.
Next, we swap the H and V polarizations in eqn.[1]
using half-wave plates and pass the two photons through
two other p-PBSs to compensate the unbalanced coeffi-
cient (see Fig. 4a), and we can obtain (1/3)(ac |H〉t |H〉c+
ad |H〉t |V 〉c+bc |V 〉t |H〉c−bd |V 〉t |V 〉c). This effectively
realizes a controlled phase-flip gate with a success prob-
ability of 1/9. Finally, after applying two additional
Hadamard rotations, it can be transformed into the
CNOT gate (see the caption of Fig. 4a and ref. [2, 48]
for more details).
We experimentally evaluate the performance of the
quantum CNOT gate using an efficient method proposed
by Hofmann [50]. To show the quantum behaviour of
the CNOT gate, it is tested for different combinations of
input-output states using complementary bases, that is,
in both the computational basis (|0〉 / |1〉) and their lin-
ear superpositions (|±〉 = (1/√2)(|0〉 ± |1〉)), which are
refereed to as the ZZ and XX basis using the Pauli ma-
trix language respectively. In the ZZ basis, the CNOT
is expected to flip the target qubit if the control qubit
is in logic 1. Interestingly, in the XX basis, the tar-
get and control qubits are reversed: the control qubit
will flip if the target qubit is logic 1. The measurement
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FIG. 4: Realization of a quantum CNOT gate using pulsed RF single photons. (a). The optical circuit. The control and target
qubits are from the two successively emitted RF photons with a 2-ns delay. The half-wave plates (HWPs) placed at θ = 45◦
and θ = 22.5◦ are used to realize the unitary rotation: |H〉 → cos(2θ) |H〉+ sin(2θ) |V 〉, |V 〉 → sin(2θ) |H〉− cos(2θ) |V 〉. (b-c).
The experimentally measured truth table. The coincident count rates are converted to probabilities by normalizing them with
the sum of coincidence counts obtained for the respective input state. Ideally, the CNOT truth table in the ZZ basis should
gives a unity possibility for the input-output combination HH → HH , HV → HV , V H → V V and V V → V H , and zero
possibility for others. Similarly, in the XX basis, there should be only ++ → ++, +− → −−, −+ → −+ and −− → +−
(|±〉 = (1/√2)(|H〉 ± |V 〉)). The unwanted combinations are mainly caused by the imperfections of the optical elements and
the remaining distinguishability of the single photons.
results of the input-output probabilities of the CNOT
gate in the ZZ basis and in the XX basis are shown
in Fig. 4b and Fig. 4c respectively. The fidelity of the
CNOT operation, defined as the probability of obtaining
the correct output averaged over all four possible inputs,
is in the ZZ basis: Fzz = 0.85(6), and in the XX basis:
Fxx = 0.85(7). These two complementary fidelities, Fzz
and Fxx, are sufficient to give an upper and a lower bound
for the full quantum process fidelity Fproc of the gate by
(Fzz +Fxx − 1) 6 Fproc 6 min(Fzz, Fxx). Thus, here we
have 0.70(9) 6 Fproc 6 0.85(7). The process fidelity is
directly related to the quantum entangling capability of
the CNOT gate, that is, the CNOT gate can produce en-
tangled states from unentangled input states [50]. Here,
the Fproc well surpasses the the threshold of 0.5, which
is sufficient to confirm the entangling capability of our
CNOT gate.
Conclusion and outlook
In this work, we have demonstrated the on-demand
generation of near background-free (∼99.7% purity) and
highly indistinguishable RF single photons, from a quan-
tum dot in a planar microcavity driven by resonant pi
pulses. Using two RF photons emitted in 2-ns succes-
sion, non-postselective HOM two-photon interference has
revealed near-unity visibilities (∼97%), and a quantum
CNOT gate with entangling capability has been success-
fully demonstrated.
Such a pulsed RF single-photon source may open the
way to new interesting experiments in quantum optics
and quantum information. With the high degree of in-
distinguishability of the RF photons shown here, they
can be used to realize various optical quantum comput-
ing algorithms [51, 52], interference of multiple photons
[1], and the on-demand generation of photonic cluster
state from a single QD [31]. In parallel, the RF spectra
of a two-level system under strong pulsed laser excitation
which are expected to exhibit novel features beyond the
Mollow triplet [53] is in itself a subject worth studying.
A natural extension is to realize non-postselective high-
visibility quantum interference between two pulsed RF
single photons from separate QDs [18, 19]. Based on
this, it is possible to entangle remote, independent QD
spins [4, 30]. We note that although the relatively slow
spectral diffusion and pure dephasing does not affect the
two-photon interference in our present work due to the
2-ns time separation of the photons, it will limit the de-
gree of indistinguishability for photons from independent
QDs. For future experiments, gate-controlled QDs could
be used to reduce the spectral diffusion. Alternatively,
spectral filtering at the expense of photon rate may be
needed.
For quantum information applications, the photon ex-
traction efficiency is a critical issue. So far, we have ob-
tained pi-pulse excited single photons with an overall col-
lection efficiency of 1.3% reaching the single-photon de-
tector. The photon extraction efficiency can be improved,
for example, by embedding the QDs in micropillars or
photonic crystal cavities [10]. Large Purcell effects from
these microcavities can be helpful to efficiently funnel the
spontaneous emission into a guided mode, to further mit-
igate the dephasings [6], and increase the pulse repetition
6rate to tens of GHz. Lastly, it is important to note that in
the previous pulsed above-bandgap or p-shell excitation
experiment, the photon coherence time had to be much
larger than the incoherent carrier relaxation time jitter
(about tens of ps) in order to obtain a good two-photon
interference visibility [6], which fundamentally put a limit
on the radiative lifetime shortening through the Purcell
effect. We emphasize that the true resonant, time-jitter-
free, pulsed RF technique developed here has no such
limitation and can be fully compatible with large Purcell
factors to be implemented in the future.
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Supplementary Information
Comparison of spectral linewidth
In our experiment, we begin with an optical charac-
terization of the QDs and observe a significantly reduced
spectral linewidth of the emitted photons from a reso-
nantly driven single QD compared with incoherent exci-
tation methods including via above-bandgap and p-shell
using CW lasers. Figure S2(a-c) present a direct com-
parison of the spectral linewidth of the emitted photons
from a single QD (QD2) neutral exciton for different CW-
laser excitation methods. At moderate power regime
(around saturation), the CW photoluminescence spectra
arising from above band-gap and p-shell excitation yields
a linewidth of ∼ 2.5GHz (see Fig. S2a) and ∼ 1.5GHz
(Fig. S2b), respectively. On the other hand, CW RF
photons (see Fig. S2c) exhibit a significantly narrower
linewidth of ∼ 0.48GHz even at high power regime well
above saturation (32P0) where a Mollow triplet arises
[1–3]. Figure S2d shows a series of CW RF spectra at
different laser power. The coherence time T2 fitted (us-
ing the corrected Eqn.(1) from ref.[4]) from the CW RF
spectra at P0 is closest to being radiative lifetime lim-
ited: T2/2T1=0.93(6), where T1 is the exciton lifetime
which is measured separately to be of 390(10)ps using
time-resolved pulsed RF. This is consistent with the pre-
diction that the pure s-shell resonant excitation can elim-
inate dephasings associated with the incoherent excita-
tion methods [5, 6].
A high-resolution pulsed RF spectrum from QD2 is
shown in Fig. S3. For a range of laser power from 0.2pi to
pi pulse, we fit the RF spectra with the Voigt profile to
extract the inhomogeneous (Gaussian) linewidth (ωG).
As plotted in the inset of Fig. S3, the ωG shows a in-
crease at larger excitation power, which is in qualitative
agreement with previous investigations of light-induced
spectral diffusion [7].
HOM interference at different excitation power
Figure S4a-b show the data of full histogram obtained
on QD2. Clusters of five peaks appear periodically with
repetition period of ∼12.2 ns. The central cluster shows
an overall reduced photon counts compared to the side
clusters due to the single-photon nature of the source.
The HOM interference are tested with pi, 0.72pi and
0.41pi pulse excitation where the RF counts reach ∼
100%, ∼ 90% and ∼ 60% saturation level, and show
raw visibilities of 0.903(55), 0.912(56) and 0.934(39), re-
spectively (see Fig. 4(c-h)). Taking into account of the
residual two-photon emission probability for this QD,
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FIG. S1: The layer structure of the QD sample and the experiment setup. (a). The QD sample is grown by molecular beam
epitaxy. The lower and upper distributed-Bragg-reflector mirrors contain 24 and 5 pairs of Al0.9Ga0.1As/GaAs λ/4 layers,
respectively. The dot density is ∼ 20/µm2. (b). The optical excitation of the QD from above band-gap, at p-shell, and s-shell
use CW lasers at wavelength ∼ 780nm, ∼ 920.5nm, and ∼ 941.12nm, respectively. For pulsed excitation, a Ti-sapphire laser
(Mira) is used to generate 3-ps optical pulses every 12.2ns. The lasers are power stabilized (< 4% fluctuation) and focused on
the QD sample with an aspheric objective lens (NA=0.68) placed inside a cryogenic-free cryostat (Attodry1000). Single-photon
fluorescence was collected through the same lens and directed to single-photon detectors (dark counts ∼ 50Hz, efficiency ∼ 22%).
g2(0) = 0.008(2), and the optical imperfections of our in-
terferometric setup (same as in the main text), we obtain
corrected degrees of indistinguishability to be 0.956(58),
0.966(59), 0.989(41) for the pi, 0.72pi and 0.41pi pulses,
respectively.
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FIG. S2: Comparison of the emission spectra under different CW excitation methods. To resolve the fine spectral structure,
a home-built concave-mirror Fabry-Pe´rot cavity with a linewidth of 62MHz, a finesse of 392, and a transmittance of 75% is
used to record the light intensity as a function of cavity transmission frequency. (a) and (b) show the high-resolution spectra
of the photon emission from above band-gap and p-shell excitation with CW lasers, respectively. A fine-structure splitting of
∼ 2.3GHz is visible from the spectra. (c). one example of well-separated Mollow triplet at 32P0 (Ω ∼ 7.8Γ1) where Γ1 is the
QD exciton spontaneous emission rate. (d). The RF spectra for a range of excitation laser power (1.4Γ1 < Ω < 22Γ1). All the
data reported are raw data without subtraction of background or smoothing.
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FIG. S3: Spontaneous emission lifetime of the QD1 single-charged exciton measured by time-resolved pulsed RF. The blue
dots are the instrument response function, the black squares are the measured raw data and the red curve is the best fit to
the measured data obtained by convolving the instrument response function with an exponential function with a decay time of
416(23) ps.
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FIG. S4: A high-resolution RF spectrum when excited by a 0.8pi pulse. The inset shows the extracted inhomogeneous linewidth
by fitting the spectra using a Voigt profile for a range of excitation laser powers.
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FIG. S5: Experimental data confirming there is no blinking in our quantum dots. a. Second-order correlation of pulsed RF on
a time scale of ∼500ns. b. Real time trace of RF with a time bin of 50µs and the corresponding statistical histogram in c.
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FIG. S6: The histogram of two-photon detection events with a relative delay time. In (a) and (b), the input two photons are
pi-pulse excited and prepared in cross and parallel polarizations, respectively. (c) and (d) are close-ups of the central-cluster
feature of (a) and (b). (e-f) and (g-h) are at lower excitation powers at 0.72pi and 0.41pi pulse, respectively. The fitting function
for each peak is the convolution of a double exponential decay (exciton decay response) with a Gaussian (single-photon detector
time response). Due to the limited time response, the five peaks have finite overlaps. The area of the central peaks (under the
red and blue profiles) are extracted and used to calculate the visibility.
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FIG. S7: A finite-difference time-domain (FDTD) simulation to evaluate the extraction efficiency theoretically based on our
QD sample structure as shown Fig.1S. In both in (a) and (b), the y axis is the QD growth direction and the x axis is the x
and y plane of the QD respectively. The scale is 4 µm×4µm. The simulation shows that ∼14.6% of the generated photons
escaped from the upper GaAs surface, of which ∼6.9% are coupled into the NA=0.68 objective. Experimentally, we excite the
QD with pi pulses at a repetition rate of ∼ 82MHz and observed ∼ 230,000 photon counts on a single-photon detector. After
correcting for the detection efficiency (22%), the fibre coupling efficiency (∼ 45%), polarizer (∼ 50%) and beam splitter (∼ 95%),
we estimate that ∼ 6% of the photons emitted by the QD are collected into the first lens, which is in good agreement with the
FDTD simulation. The remaining mismatch may have small contributions from the fibre transmission and insertion loss.
